In this work, a method for quantification of heavy metals Inductively Coupled Plasma Sector Field Mass Spectrometry (ICP-SFMS) in soil samples of El Bierzo district (Spain) has been optimized and validated. Optimization was carried out for elements: Cr, Mn, Co, Ni, Cu, Zn, Se, As, Cd, Hg, Pb and U. Validation of the method was performed with Certified and Standard Reference Materials (CRMs and SRMs); SRM2709, CRM020-051 and CRM050-051. Results obtained under optimized conditions can be summarized as follows: a) the Limits of Detection (LODs) were in the order of sub fg·g −1 for Cr, Mn, Cu, Co, As, Cd, Hg, Pb and U, and few fg·g −1 for Ni, Zn and Se; b) precision measurement, in terms of relative standard deviation (RSD), was being below 5%; c) the average recovery of CRM was between 81.3% and 98%. In conclusion, the method offers several advantages: fast, good accuracy, very low values of Limits of Quantification (LOQs) and high sensitivity on measurement of heavy metal.
Introduction
Heavy metals are of concern to human health and environment due to their toxic effects. Heavy metals are present in soils in high concentrations due to geological anomalies or as a result of contamination, mainly caused by human activities. Depending on environmental conditions, these high concentrations of heavy metals can be accumulated in agricultural soil or groundwater leachate, causing contamination of the soil and water resources. Furthermore, these metals can be taken directly by humans or animals following several pathways: inhalation of re-suspended soil dust, incorporation onto the food chain as a result of uptake by edible plants and animals [1] [2] [3] and the ingestion of contaminated water. In all cases, it constitutes a significant risk to the health of humans and animals [4] . Therefore, the progress on environmental and biological matrices analysis of heavy metals is affected by three major factors: 1) the demand for quantification of an increasing number of analytes at lower concentration levels; 2) the interest in elemental speciation due to issues of bioavailability and toxicity; and 3) the need of minimizing contamination and sample manipulation.
For many years, the analytical technique to quantify metal ions in soil samples has been atomic spectroscopy, or more specifically, Atomic Absorption Spectrometry (AAS), Atomic Emission Spectrometry (ICP-AES) and Inductively Coupled Plasma Mass Spectrometry (ICP-QMS) [5] .
ICP-QMS technique has been the key of the most successful methods in Atomic Spectrometry (AS) [6] [7] [8] [9] , due to its high sensitivity, good precision and accuracy, multi-element detection and faster preparation of sample. However, ICP-QMS still has some limitations, mainly by interferences that can seriously affect its analytical performance and these would lead to spectroscopic and nonspectroscopic interferences. Spectroscopic interferences are caused by atomic or molecular ions with same nomi-nal mass of our particular isotope. They may disturb or even obscure the true analytical signal, so that the accuracy cannot be a reliable determination. Non-spectroscopic interferences are caused by polyatomic ions that are formed from precursors having numerous sources, such as the sample matrix, reagents used for preparation, plasma gases or entrained atmospheric gases. To obtain a good precision and accuracy signal in ICP-QMS, it is necessary to analyze these factors, in order to reduce as much as possible or even eliminate spectroscopic interferences [10] . Nonspectral interference refers to matrix-induced change in signal intensity that is unrelated to the presence or absence of spectral components. The detail of this type of interferences is summarized in the literature [11] . External calibration or standard addition methods, coupled with internal calibration, have been used normally to correct the non-spectroscopic interfereences. Another alternative to avoid interferences is by using a reaction/collision cell, resulting in a capability to partially remove interferences, depending on the operating conditions [12] [13] [14] . The development of more powerful ICP Mass Spectrometers has been mainly based on the union of a magnetic sector analyzer to the plasma source, plus a second electrostatic sector analyzer, which allows focusing both the angle at which ions deflect as their energy (double focusing). In this way, it is possible to avoid interferences of atomic or molecular ions in complex samples [15, 16] . This is because its resolutions, approximately ~300 for Low-Resolution Mode (LRM), ~3500 -4000 for Medium-Resolution Mode (MRM) and ~7500 -10.000 for High-Resolution Mode (HRM). For this reason, ICP-SFMS is an excellent choice for the analysis of heavy metals, due to its extremely high sensitivity, the capability for interference-free analysis and the significantly improved isotopic ratio precision when compared with ICP-QMS [17] .
El Bierzo District is located in the Province of Leon (Spain) and has a carboniferous basin across 310 km 2 that has been exploited since the middle of XIX century [18] . The intense activity of coal mining has generated 571 sites with mine tailings, covering an area of 52.51 km 2 over the original soils. The tailings were dumped for many years and have been exposed at natural alterations that include several physical, chemical and biological processes. This alteration generates many impacts on air, water and soils, as the spontaneous combustion of coal or like acid mine drainage, which releases heavy metals in the environment. The mine tailings also cause a serious visual impact on the landscape.
The objectives of the present study have been: 1) develop, optimize and validate a method to determinate heavy metals in soil samples by ICP-SFMS; 2) applied this method for the analysis of heavy metals in soil samples of the El Bierzo coal mining district (Spain); and 3) evaluation of contamination impact by heavy metal in place.
Experimental

Instrumentation
Determinations of heavy metals were carried out with an Element XR Mass Spectrometer (Thermo Fisher Scientific, Germany). Aqueous samples were introduced with an auto sampler CETAC ASX-520 (CETAC Technologies, Inc. USA). The ICP torch was shielded with a grounded platinum electrode (GuardElectrodeTM, Thermo Scientific, Germany).
Materials and Reagents
Instrumental mass calibration of ICP-SFMS was performed by using a certified multi-element solution XXIII (Ba, B, Fe, Co, Ga, In, K, Li, Lu, Na, Rh, Sc, Y, Tl, and U) from Merck (Germany). Optimization of the method was made with a standard solution of approximately 10 μg·L −1 of each metals of interest (Cr, Mn, Co, Ni, Cu, Zn, Se, As, Cd, Hg, Pb and U) coming from a standard dissolution that contained nearly 1 mg·L −1 (Merck, Germany). A 1.0 ± 0.2 μg·L −1 of In external standard solution (Merck, Germany) and a Lu internal standard dissolution (Merck, Germany) of 1.1 ± 0.2 μg·L −1 were used during the measurements to monitor instrumental stability. Standard and Certified Reference Materials (SRMs and CRMs) were supplied for validation of method; CRM020-051 and CRM050-051 (Resource Technology Corporation, Sigma-Aldrich, United Kingdom), and SRM2709 (National Institute of Standards & Technology, USA). A microwave-assisted acid digestion was used for mineralization of soil samples (ETHOS 1, Milestone S.r.l., Italy). Filtration of sample after acidic digestion was carried out through filter papers of 2.5 µm (Millipore Ibérica, Spain). High purity water (>18 MΩ·cm ) was obtained from a Milli-Q Element A10 Century (Millipore Ibérica, Spain). HNO 3 and HCl were purified by distillation in a Milestone Duopur (Milestone s.r.l., Italy) subboiling system. Certified Ar gas (99.999%) was supplied by Air Liquide España. Measurements of elements were carried out in a clean room laboratory (ISO 6 class) at 24˚C ± 1˚C.
Preparation of Samples
Sample points analyzed in this paper were collected in El Bierzo district (Spain). The methodology followed during soil sample recollection and characterization has been described elsewhere [18, 19] . In the framework of a larger study, the soil points were sampled biannually for 2006-2008 period and were physicochemical characterized in its inter-annual and intra-annual variation [19] . Soil sam-ples were air dried and sieved to 2 mm and this fraction was used for the heavy metal analysis [20] . Studies were performed in nine points. Figure 1 shows the localization of El Bierzo district and the locations where the soil samples were collected.
A microwave-assisted acid digestion was used for mineralization of soil samples, based on recommendations given in EPA method 3051A [21] . The method was used for a fast extraction of heavy metals from soil samples. The soil samples were prepared by accurately weighing of 0.1 g of sample into the Teflon microwave digestion vessels. Acid conditions of digestion were: 9 mL of HNO 3 (10 mol·L ). Lu was added as internal standard. Following digestion ( Table 1) , the dissolutions were cooled, and then the samples were filtered, transferred to 25 mL volumetric flasks and filled up with Mill-Q water. Before the ICP-SFMS measurements, the samples were diluted 1:50 with Milli-Q water and in tracer was added as external standard. Analysis of each sample was carried out in triplicate.
Results and Discussion
Validation of Method Abbreviations and Acronyms
Several parameters have been taken into account and evaluated for the validation of the analytical methods for quantitative determination of heavy metals in soils, such as: optimization of measurement, dynamic range and linearity, LODs and LOQs, repeatability, precision and accuracy. Instrumental settings were optimized for the quantification of elements; Cr, Mn, Co, Ni, Cu, Zn, Se, As, Cd, Lu). This was achieved by adjusting the respective mass windows, centering of mass in peak maximum and using integration windows of 10%, in order to avoid interferences. A stability test was carried out for monitoring the signal and correct the mass offset for these isotopes and c) stability test was performed by monitoring the signal of 115 In (1.0 ± 0.2 μg·L ) in standard solution samples during 15 min, the operating conditions for ICP-SFMS are summarized in Table 2 .
To determination of LODs and LOQs, calibration curves were used with the following concentrations (µg·L −1 ) of each element: 0.25, 0.5, 1, 5, 10, 50, and 100. The calibration curves exhibited good linearity for each isotope ( Table 3) .
The calculation of LODs was performed by measuring a set of blank samples (n = 15) from 5% (v/v) HNO 3 . A standard solution containing about 10 μg·L −1 of each element was used to obtain the standard intensities signal. Then, the LOD was calculated using the following formula:
where: LOD is the limit of detection (fg per sample), σB corresponds to the standard deviation of the blanks signal (cps), S is the concentration of the standard (fg·mL ), I is the signal intensity of the standard (cps), B is the average intensity of blank signal (cps) and V is final volume of the sample (V= 10 mL).
The limit of quantification (LOQ) was calculated considering the region when the signal owing to the analyte is ten times the standard deviation of the background ignal and, in general, it can be considered to be ap s proximately ten times the LOD ( Table 3) . The determination of repeatability was carried out with SRM2709 and the precision or RSD was calculated with percentage recovery and using the standard deviation divided by the mean of replicated samples. Table 4 shows the results of precision and repeatability test. Finally, accuracy of method was determined by comparing the measured concentration of CRM020-051; CRM050-051 and SRM2709 expressed as recovery yield. The average recovery of CRM was between 81.3% and 98% ( Table 5) .
Analysis of Heavy Metals in Soil Samples from El Bierzo District
The monitoring of heavy metals in soil samples has been the principal aim of this study. This information allows having a more precise knowledge of the real state of the soils and so, to evaluate the contamination degree dues to mine activities. These aspects have been considered in the starting point of the potential restoration activities. In this work eight zones that represent the spatial variability within the upper basin of the river Rodrigatos were chosen, which include reference areas not affected by mining activities (see Figure 1 , B8 sample). The results obtained in analysis of heavy metals were show in the Table 6 . The reference levels are established with B8 sample, because this point is an area that is not affected by mine activities and has the same parent material than the other soil points sampled. The high Mn concentration in B4 sample is in accord with high concentrations of Mn oxides found in this sample [19] .
These Mn oxides have a great affinity to adsorb heavy metals on its surface and this is in accord with the highest concentrations of Co, Zn, Ni, Cu, Cr and Cd measured in B4 sample. The great adsorption capacity of Mn oxides has been studied in several works [22] [23] [24] .
B6 sample distinguishes because is the second soil sample with heavy metal values higher than reference levels for Cu, Pb, As and Hg. B3 sample exceeds the Cu reference value. In summary, the results obtained by analysis of heavy metal in soil were not consistent for evaluation of contamination in El Bierzo district.
Conclusions
It has been proved the power of HR-ICP-MS technique for the analysis of heavy metals in complex matrices (soil samples), due to its ability to avoid or eliminate spectroscopic interferences. This study was carried out to establish a validation method for quantitative multi-elemental analysis of heavy metals (Cr, Mn, Co, Ni, Cu, Zn, Se, As, Cd, Hg, Pb and U) in soil samples by using ICP-SFMS. It has been applied with success in monitoring of toxic metals at El Bierzo District.
The results showed that LODs ranged between sub fg·g −1 for nine of the elements studied (Cr, Mn, Co, Cu, As, Cd, Hg, Pb and U) and few fg·g −1 for the other three elements (Ni, Zn and Se). This ensures that the LOQs are adequate for quantitative determinations in soil samples with poor concentration of heavy metals. Additionally, the method gave good precision values, below 5%, and an average recovery between 81.3% and 98%. In conclu- sion, the method presented several advantages against other analytical techniques, such as the rapidity of analysis, good accuracy and very low LOQs.
